Premature escape beats induced in conscious dogs with chronic complete atrioventricular block have been defined as escape beats occurring on cessation of overdrive pacing and having a coupling interval to the last paced beat shorter than the coupling interval between the premature escape beat and the second postpacing beat. Triggered activity has been proposed as the primary underlying mechanism. We used standard microelectrode techniques to study the effects of overdrive pacing on normal automatic canine Purkinje fibers to determine if premature escape beats could be induced and if so, to define the underlying cellular mechanism(s). For this purpose, we overdrive-paced Purkinje fibers for 10 and 50 seconds and for 10 and 50 beats at a pacing cycle length (PCL) of 1,000-200 msec. In addition, to help distinguish among major arrhythmogenic mechanisms, we used a matrix of drugs consisting of propranolol, nadolol, lidocaine, ethmozin, and doxorubicin. Fifty-second stimulation trains induced "classic"1 overdrive suppression of the first three postpacing impulses, whereas 10-second overdrive pacing induced significant overdrive suppression only at a PCL of 200 msec. With 50-beat overdrive pacing and a PCL of 1,000-600 msec, there was overdrive suppression of postpacing impulses, whereas reduced overdrive suppression was observed at a PCL of 400-200 msec. Ten-beat stimulation trains induced a "flat response" of postpacing impulses. Tenand 50-beat overdrive pacing provoked premature escape beats in 66% of the fibers, with the higher incidence at a PCL of 200 msec for 50-beat stimulation trains. No shortening of the coupling interval of premature escape beats was observed at faster pacing rates. Only lidocaine (which suppresses normal automaticity) abolished premature escape beats. We conclude that normal automaticity is the most likely mechanism underlying premature escape beats in Purkinje fibers with high levels of membrane potential. (Circulation 1990;82:234-243) O verdrive suppression, the quiescent period after rapid stimulation of a pacemaker cell, "qk.owl was well characterized during the 1960s and 1970s. In vivo and in vitro experiments demonstrated the duration of suppression to depend on the rate and duration of the period of overdrive pacing.1-' This property of automatic rhythms has been used to distinguish them from other mechanisms underlying normal and abnormal cardiac rhythms.
inducing complete atrioventricular (A-V) block. The dogs had stable, slow idioventricular rhythms that appeared to be normally automatic. This was in contrast to the fast idioventricular rhythms known to occur shortly after the induction of complete A-V block8 and considered to result from abnormal automaticity or triggered activity. 9 Gorgels et al6,7 found that long periods of rapid overdrive pacing provoked "classic" overdrive suppression, but short periods of rapid pacing induced unexpected "premature escape beats" followed by overdrive suppression. Based on the characteristics of these premature escape beats and their reproducibility and response to pacing and drugs, Gorgels et al67 speculated that the probable mechanism underlying this phenomenon was triggered activity induced by delayed afterdepolarizations. Motivated by these experiments, we proposed to determine if normally automatic Purkinje fibers having high levels of membrane potential (presum-ably the type of pacemaker responsible for the slow idioventricular rhythms seen in dogs after 1 week of complete A-V block) showed similar premature escape beats, and, if they did, to define the underlying cellular mechanism. For this purpose, in addition to overdrive stimulation, we used a matrix of drugs consisting of lidocaine, ethmozin, doxorubicin, propranolol, and nadolol. We chose these pharmacological agents because we have previously shown that they are sufficiently specific in their electrophysiological effects to permit discrimination between automatic and triggered rhythms.9-12 WVe will demonstrate that after overdrive stimulation, some automatic Purkinje fibers having high levels of membrane potential mav manifest responses differing from "classic" overdrive suppression and excitation, which could account for some arrhythmias previously attributed to triggered activity or reentry.
Methods
Adult mongrel dogs weighing 12-20 kg were anesthetized with sodium pentobarbital (30 mg/kg i.v.). The hearts were rapidly removed through a thoracotomy and placed in chilled, oxygenated Tyrode's solution. We dissected free running Purkinje fiber bundles (about 1-1.5 cm in length and 1 mm in diameter) from left and right ventricles and mounted them in a 4-ml Lucite tissue bath perfused with Tyrode's solution containing (mM) NaCl 137, NaHCO3 18, NaH2PO4 1.8, MgCl2 0.5, CaCl2 2.7, dextrose 5.5, and KCl 3. The Tyrode's solution was gassed with 95% 02-5% CO2 and pumped into the tissue bath at 15-18 ml/min. The temperature was maintained constant at 37+0.5°C with a glass heat exchanger.
The Purkinje fibers were impaled with 3 M KCIfilled glass microelectrodes having tip resistances of [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Mfl. Attempts were made to impale the site of earliest impulse initiation, at which the slope of phase 4 and phase 0 merged smoothly in the typical configuration of a pacemaker fiber. Rectangular pulses 0.5-1 msec in duration and 1.5-2 times threshold were delivered to the preparations through a Teflon-coated bipolar silver electrode using standard techniques.13 The microelectrodes were coupled via an Ag-AgCl bar to an amplifier having high input impedance and capacity neutralization. The signal was displayed on an oscilloscope and on a strip-chart recorder for further analysis. The equipment was calibrated as previously described,14 using a 100-mV sawtooth pulse having a rise time of 200 V/sec.
Stimulation Protocol
Because the purpose of these experiments was to use isolated Purkinje fiber bundles to model the spontaneous rhythms that occur in normal ventricles, we only accepted for study Purkinje fibers having high levels of membrane potential and stable automatic rhythms. After a 1-hour equilibration period, the fibers were driven at pacing cycle lengths (PCLs) of 1,000, 800, 600, 400, and 200 msec. We also used PCLs of 250-300 msec for those preparations that would not follow 1:1 at a PCL of 200 msec. The durations of the stimulus trains were selected to normalize for time and number of beats, such that fibers were paced for 10 and 50 seconds and for 10 and 50 beats at all cycle lengths. After each pacing protocol, the recovery time for the first, second, and third postpacing beats was measured (using the last paced beat as a reference), and the relation among them was determined. The stimulation protocol was performed two to three times for each preparation. We also determined maximum diastolic potential and activation voltage of the last automatic beat before pacing, of the last paced beat of the train, and of the first, second, and third postpacing beats. In those fibers in which phase 4 and phase 0 merged smoothly, activation voltage was taken as the midpoint of the trace (i.e., if straight lines are drawn superimposed on phases 4 and 0, the point of the transmembrane potential trace opposite the point where the lines intersect is considered the activation voltage).
Terminology
The terminology used is that proposed by Gorgels et al6,7 in their studies of intact animals. They defined a premature escape beat as the first QRS complex after pacing having a coupling interval shorter than the second postpacing interval. In our experiments, after specific stimulus trains (see "Results"), some fibers developed premature escape beats shortly after pacing was terminated. Consequently, every escape beat having a coupling interval to the last paced beat shorter than the coupling interval between the first postpacing beat and the second postpacing beat was called a premature escape beat.
To help consider the mechanism(s) by which these premature escape beats occurred, we used a drug matrix consisting of (gg/ml) propranolol 0.06, nadolol 15, lidocaine 5, ethmozin 2, and doxorubicin 20. These concentrations were selected based on our prior studies.11,1215-18 After 30 minutes of superfusion with each drug, the same pacing protocol was repeated, and the recovery times (postpacing intervals) of the first, second, and third postpacing beats, as well as the transmembrane potential characteristics of these postpacing beats, were determined as described above.
Statistical Analysis
For statistical testing we used nested analysis of variance to determine the effects of the drugs on various parameters and to test differences among curves. When the F value permitted additional analysis, Scheffe's test was used to compare individual data points.19 Significance wcas considered asp<0.05. A t test for paired data was used to compare the incidence of premature escape beats after treatment with each drug. The relation between PCL and recovery interval of premature escape beats was assessed by linear regression analysis. Data are expressed as mean+SEM. Recovery times are standardized for the spontaneous cycle length (SCL) of each preparation. Note parallel increases in overdrive suppression at all PCLs. CI, coupling interval offirst, second, and third postpacing beat to previous beat. *p<0.05 compared with PCL of 1,000 msec.
Results
Overdrive Pacing With 50-Second and 50-Beat Stimulus Trains Figure 1 summarizes the effects of pacing for 50 seconds on 27 preparations (a representative experiment is shown in Figure 2 ). The postpacing recovery times for the first, second, and third postpacing beats were standardized by dividing the coupling interval by the spontaneous cycle length of each preparation. As PCL decreased, subsequent overdrive suppression increased progressively and proportionally.
In contrast to the effects of 50-second stimulation trains, the effects on the first, second, and third postpacing intervals of 50-beat stimulation trains are shown in Figure 3 Overdrive pacing for 50 beats at various pacing cycle lengths (PCLs) (results combined for 27 experiments). Note progressive increase in overdrive suppression at PCL through 600 msec, followed by decrease at shorter PCL. CI, coupling interval offirst, second, and third postpacing beat to previous beat; SCL, spontaneous cycle length. *p<0.05 compared with PCL of 1,000 msec. suppression occurred at PCLs of 1,000-600 msec; however, further decreases in PCL to 400 and 200 msec resulted in a progressive shortening of the three postpacing intervals. This response was consistent and reproducible in all experiments. Overdrive Pacing With 10-Second and 10-Beat Stimulus Trains Figure 5 shows the response of the first, second, and third postpacing intervals to pacing for 10 beats and for 10 seconds. A nearly flat line was obtained with the 10-beat protocol, whereas 10-second stimulation trains showed only significant overdrive suppression at a PCL of 200 msec.
Changes in Membrane Potential Related to Overdrive Pacing
Previous studies have shown that the response to overdrive pacing is related to potential.20 The "Control" columns in Tables 1 and 2 show the maximum diastolic potential and activation voltage of the last beat before pacing, the last paced beat, the first postpacing beat, and the second postpacing beat in all 27 fibers after a PCL of 200 msec for 10 beats and 10 seconds (Table 1) , and 50 beats and 50 seconds ( Table 2 ). In the control setting, 10-beat and 10-second stimulus trains induced a slight depolarization of maximum diastolic potential (1 mV) but markedly increased activation voltage (as the slope of phase 4 was suppressed). Fifty-beat stimulus trains induced slight depolarization followed by a return to control maximum diastolic potential, and 50-second stimulus trains induced a 2-mV hyperpolarization. Activation voltage of the last paced beat always increased markedly. PCL (ms) FIGURE 5. Overdrive pacing for 10 beats and 10 seconds at various pacing cycle lengths (PCLs). Results are combined for all 27 e~xperiments and relate only to overdrive suppression (i.e., premature escape beats are not included here). Note 'flat response" in corrected recovery times with 10-beat stimulus trains. Ten-second stimulus trains show significant overdrive suppression only at PCL of 200 msec. CI, coupling interval of first, second, and third postpacing beat to previous beat; SCL, spontaneous cycle length. *p<0.05 compared with PCL of 1, 000 msec.
Induction of Premature Escape Beats After 10-and 50-Beat Stimulus Trains
Shortly after stimulus trains of 10 and 50 beats, 66% of the preparations developed premature escape beats. These had a recovery interval shorter than the interval between the first postpacing beat (i.e., the premature escape beat) and the second postpacing beat. These premature escape beats did not show the characteristics of overdrive suppression described above, whereas the remaining postpacing beats (as well as the corresponding postpacing intervals) did. Figure 6 shows representative examples of three different fibers after 50 beats of overdrive pacing, in which one premature escape beat (panel A) and two premature escape beats (panels B and C) arose shortly after pacing. In these examples, despite the appearance of the premature escape beats, the subsequent postpacing beats showed overdrive suppression.
Incidence of Premature Escape Beats in Relation to Pacing Cycle Length and Number of Stimuli
The incidence of premature escape beats after stimulus trains of 10 and 50 impulses was related to the basic PCL. Figure 7 shows that the highest incidence (37%) occurred after 50-beat stimulus trains at a PCL of 200 msec. However, premature escape beats were also induced, albeit less frequently, with stimulus trains of 50 beats at PCLs of 1,000-400 msec. Premature escape beats were also induced using 10beat stimulus trains, but their incidence was distributed relatively equally across the full PCL range (Figure 7 ).
During these experiments, no early or delayed afterdepolarizations were observed in relation to the presence of premature escape beats. Moreover, premature escape beats were not inducible at any PCL after stimulus trains of 50 seconds. Here, overdrive suppression of the three postpacing intervals was the rule (as in Figure 2 ). 
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Correlation of Coupling Intervals or Premature Escape Beats and Pacing Cycle Length
There is a consistent relation between coupling intervals of delayed afterdepolarizations and PCL; that is, the shorter the PCL, the shorter the coupling intervals of the delayed afterdepolarizations and the triggered action potentials they evoke.21 Therefore, we studied the relation of the premature escape beats and the PCL to determine if the escape beats shared the cycle-length dependence that is characteristic of triggered activity induced by delayed afterdepolarizations. Figure 8 shows there was no correlation (r=0.055; p=0.72) for a total of 46 induced premature escape beats.
Mechanism of Initiation of Premature Escape Beats
To further study whether the mechanism underlying premature escape beats was automatic or triggered, we used a drug matrix consisting of lidocaine, doxorubicin, ethmozin, propranolol, and nadolol. Previous reports had shown that 5 suppresses normal automaticity22 and delayed afterdepolarizations,23 20 ,ug/ml doxorubicin abolishes delayed afterdepolarizations,10 and 2 ,ug/ml ethmozin suppresses abnormal automaticity and delayed afterdepolarizations.'218 We also used (3-blockers to test whether local release of catecholamines during pacing was related to the generation of premature escape beats. Propranolol and nadolol were both studied because the former induced a slight decrease in normal automaticity, whereas nadolol did not affect normal automatic rate, as described previously.16 Figure 9 shows the relative incidence of all premature escape beats after treatment with the abovementioned drugs. Lidocaine (which suppresses normal automaticity and delayed afterdepolarizationinduced triggered activity) was the only drug that suppressed the premature escape beats. Both the failure to identify oscillatory activity and the lack of effect of doxorubicin or ethmozin indicated that the rhythm was not triggered by delayed afterdepolarizations. Also, the lack of effect of ethmozin suggested that the rhythm was not the result of abnormal automaticity, and our results with nadolol and propranolol suggested that it was not related to catecholamine release. The responses of the first postpacing intervals following 50-beat stimulation trains after treatment with each drug are shown in Figure 10 .
There was a significant change in the curve relating PCL to recovery interval only for lidocaine. For all other drugs, the curves were not significantly different. The observed changes in maximum diastolic potential in the presence of the drug matrix are shown in Tables 1 and 2. The design used a paired t test such that each group of fibers was studied in a control setting and then superfused with one drug. Because the control groups did not differ from one another, all controls are presented together in the left column. As in the control experiments, all drug protocols are associated with a slight tendency toward depolarization with 10-beat and 10-second pacing, depolarization followed by a return to control maximum diastolic potential with 50-beat stimulus trains, and a slight hyperpolarization with 50 seconds of overdrive pacing.
Discussion
The description by Gorgels et al6,7 of premature escape beats evoked in conscious dogs with chronic A-V block gave new insights into the response to overdrive pacing. The premature escape beats were highly reproducible and had the following characteristics: 1) a coupling interval shorter than the second postpacing interval, 2) their succession by overdrive suppression of subsequent postpacing beats, 3) induction after brief periods of rapid drive or by single premature stimuli after a slower drive, and 4) their ) differ significantly from one another (p<0.05), probably because the incidence of premature escape beats was suppressed by lidocaine (see Figure 9 ). For doxorubicin (panel B, n=5), ethmozin (panel C, n=6), and nadolol (panel A, n=5), the control and drug curves were not significantly different (p>0.05), although there was a tendency toward more premature escape beats in the presence of drug (in marked contrast to lidocaine). Results for propranolol (n=5) were identical to those for nadolol (not shown). CI, coupling interval for first, second, and third postpacing beat to previous beat; SCL, spontaneous cycle length; PCL, pacing cycle length.
abolition after critical numbers of stimuli. Administration of verapamil or lidocaine decreased the number of premature escape beats, whereas isoproterenol and ouabain had the opposite effect. Based on these results, Gorgels et al6,7 concluded that the most likely mechanism underlying premature escape beats was triggered activity.6,7 It is important to stress that the above-mentioned studies were conducted in the setting of chronic complete A-V block, in which there were slow and stable idioventricular rhythms assumed to be normally automatic.8 9 For this reason, we hypothesized that if canine Purkinje fibers having normal automaticity showed similar responses, then microelectrode recordings would provide information about the underlying cellular mechanism. In fact, variations in the duration of overdrive and number of stimuli allowed us to define three different types of responses. All can be analyzed in light of previously detailed mechanisms induced by overdrive pacing of the ventricle. The initial event during overdrive pacing, seen after relatively few paced beats (Table 1) , is a depolarization of the cell membrane, the result of accumulation of K' in the extracellular space. 24 The occurrence of overdrive suppression results from increased entry of Na+ into the cell per unit time, which serves as a potent stimulus to Na-K pumping. The function of this electrogenic pump is to drive Na+ out of the cell in excess of K' into the cell. The result is hyperpolarization and the generation of an outward current that persists for a variable period after the cessation of pacing. This counteracts the inward pacemaker current and is responsible for the quiescence characteristic of overdrive suppression. In our study, such "classic" overdrive suppression was the rule after 50-second stimulation trains. The duration of suppression increased as the basic PCL decreased (Figures 1 and 2) . Consistent with previous observations about overdrive suppression, there were hyperpolarization of the membrane potential ( Table 1 ) and reinitiation of automatic activity after a relatively long interval. A different pattern was observed when overdrive pacing was maintained for 50 stimuli at all cycle lengths. Here, overdrive suppression occurred at PCLs of 1,000, 800, and 600 msec, but PCLs of 400 and 200 msec resulted in a decrease in the recovery times of the first three postpacing intervals ( Figures  3, 4A , and 4B). The likely explanation is that overdrive pacing at shorter cycle lengths with 50 stimuli resulted in less entry of Na+ and stimulation of the Na-K pump than after 50 seconds of pacing.
Whereas both of the above phenomena have been detailed previously, a third type of response was observed in 66% of the fibers after overdrive stimulation for 50 or 10 beats. Shortly after pacing was terminated, premature escape beats having an unusually short coupling interval to the last paced beat arose and were followed by postpacing beats that showed characteristic overdrive suppression ( Figure 6 ). These premature escape beats shared many but not all of the properties of the premature escape beats described by Gorgels et al,67 in conscious dogs. In both, the coupling interval to the last paced beat was shorter than the coupling interval between the premature escape beat and the second postpacing beat. In addition, and in agreement with our results, Gorgels et al6,7 found that lidocaine decreased the incidence of premature escape beats.
The differences between the studies by Gorgels et al67 and our own are seen in the cycle-length dependence of the coupling intervals of premature escape beats. Gorgels et al6,7 found generally shorter coupling intervals than were seen in our study. They also found that decreasing the PCL resulted in a decrease in the coupling interval of the premature escape beats (a behavior typical of triggered arrhythmias induced by delayed afterdepolarizations). In contrast, our results have shown no relation between PCL and the coupling interval of premature escape beats (Figure 8) .
To further analyze the mechanisms responsible for premature escape beats in Purkinje fibers, we used a matrix of drugs with specific effects on major arrhythmogenic mechanisms. We used the 13-blockers pro-pranolol and nadolol to study whether local release of catecholamines that might occur as a consequence of fast overdrive pacing25 could be responsible for the premature escape beats. Both drugs had no effect. Ethmozin, which depresses abnormal automaticity at low membrane potentials and delayed afterdepolarizations,18,26 and doxorubicin, which has been shown to abolish triggered activity in vitro and in vivo,10,11 also failed to suppress the escape beats. Lidocaine was the only effective drug. Previous studies had shown that lidocaine at therapeutic concentrations suppresses normal automaticity and delayed afterdepolarizations. 22, 23 The effects of the drug matrix on mechanisms for normal and abnormal impulse initiation have been studied extensively, as have its effects on conduction.9-12,18,23,26 However, knowledge of its actions on cell coupling, on passive membrane properties, and on threshold for excitability are incomplete. Needless to say, such information would be valuable in furthering our understanding of the actions of the drugs in the matrix. Despite these limitations, the results of our pharmacological experiments were more consistent with normal automaticity as the arrhythmogenic mechanism than with any other mechanism. This result was supported by the recordings of transmembrane potentials. Only high levels of membrane potential and normal pacemaker potentials were seen. There was no evidence of oscillatory activity. Although a limited number of experiments was performed and microelectrode impalements made, it is highly unlikely that oscillatory activity would not have been seen at least once were it the mechanism.
Another argument against triggered activity induced by delayed afterdepolarizations as the underlying mechanism is that the coupling intervals of premature escape beats did not change with PCL. This is in contrast to the most consistent feature of triggered rhythms induced by delayed afterdepolarizations. 21, 27 Moreover, not only were oscillations typical of delayed afterdepolarizations not seen, neither were early afterdepolarizations28 observed. Finally, the coupling intervals of the premature escape beats were far in excess of those of triggered beats induced by delayed afterdepolarizations (always more than 1 second). 29 Although microreentry has been reported to occur in Purkinje fiber bundles having areas of very slow conduction,30 there was no evidence of depressed fast responses or slow responses in our study. Moreover, the lack of effect of ethmozin on the incidence of premature escape beats suggested microreentry within the bundle was not an underlying mechanism for premature escape beats.
The most logical assumption for the occurrence of automatic premature escape beats in these studies is that more than one automatic focus was present in a subset of fibers and that the different foci were variably sensitive to overdrive pacing (perhaps because of entry block). Supporting this idea is the concept of "triggered automaticity" developed by Janse and Van Capelle31 and Van Capelle and 242 Circulation Vol 82, No 1, July 1990 Durrer32 in computer simulations based on experimental results obtained in porcine and canine hearts. In the latter study, arrhythmias were simulated in sheets or cables, a model that allowed computer variation of geometry, coupling among elements, and properties such as automaticity, excitability, and refractoriness. Depending on the degree of coupling between automatic and nonautomatic elements, the computer could generate "spontaneous" activity. Hence, in experiments such as those in Figure 6 , one might explain the emergence of one or two automatic escape beats and their subsequent disappearance by changes in coupling and uncoupling among fibers after a period of overdrive. An additional basis for the cessation of the rhythms might be the occurrence of "annihilation." 33 It should be emphasized that the present results in no way contradict the experiments of Gorgels et al6,7 or their interpretations of mechanism. The animals they studied showed characteristics of postpacing recovery intervals that are consistent with delayed afterdepolarizations and triggered activity. Our study emphasizes that the occurrence of premature escape beats alone is insufficient to implicate a specific arrhythmogenic mechanism. Triggered activity, reentry, or automaticity all can contribute. Only with the use of extensive pacing or drug administration protocols (as in the Gorgels et al6,7 studies and our own) can a specific mechanism be deduced.
Possible Clinical Implications
We have demonstrated that under appropriate conditions of overdrive pacing, normally automatic Purkinje fibers can show premature escape beats resulting from an automatic mechanism. These results may explain some observations made in patients with ventricular tachycardia. For example, random beats frequently are observed after the termination of short and rapid paroxysms of spontaneous nonsustained ventricular tachycardia. If we consider a spontaneously occurring nonsustained ventricular tachycardia as analogous to fast overdrive pacing, the random beats seen during the termination of the ventricular tachycardia and the premature escape beats induced by overdrive pacing could have the same underlying automatic mechanism. Finally, if we accept this analogy, not all afterbeats seen after overdrive pacing are due to abnormal mechanisms of impulse formation or conduction, but indeed can also be explained by normal automatic mechanisms.
